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Abstract—Plant cells (BY-2 tobacco) are used in this work as a 
new cellular model for investigating the biological mechanisms 
behind sonoporation-induced cytotoxic effects. We show that 
sonoporation may lead to chronic depolarization of plasma 
membrane and depolarization of mitochondrial membrane: both 
of which are known to be linked to a cell’s programmed cell 
death protocol. These findings are obtained in-vitro from BY-2 
cell suspensions that were exposed to pulsed ultrasound for 1 
min. (1 MHz ultrasound frequency, 10% duty cycle, 1 kHz pulse 
repetition frequency, 0.4 or 0.9 MPa peak negative pressure, 1% 
v/v microbubbles). Two potentio-dependent fluorescence probes 
(DiBAC4(3) and TMRE) were used to analyze the changes in the 
plasma membrane and mitochondrial membrane potential of the 
sonoporated cells at four post-exposure time points (0 h, 2 h, 4 h, 
6 h). These changes were monitored by confocal and fluorescence 
microscopy, and they were quantified using a spectrofluorometer. 
The membrane depolarization effects are generally found to be 
more significant at higher peak negative pressures (0.9 MPa in 
our case). 
Keywords—acoustic cavitation, plant cells, mechanism analysis, 
experimental modeling.  
I.  INTRODUCTION 
The use of acoustic cavitation to puncture cell membranes, 
commonly known as sonoporation, has emerged as a novel 
drug delivery paradigm in recent years [1]. The pores created 
with this cell-puncturing strategy are known to be transient in 
nature in that they would be resealed as long as ambient factors 
like the presence of extracellular calcium ions are satisfied [2]. 
This self-patching feature makes sonoporation rather appealing 
to drug delivery applications as it suggests that such an 
approach is sustainable by cells in general [3]. Nevertheless, 
recent evidence has indicated that some sonoporated cells 
would commit to programmed cell death (PCD) (better known 
as apoptosis in mammalian cells) on a time-lapse basis [4]. 
Further investigations on the cytotoxic impact of sonoporation 
are thus needed to refine this biophysical phenomenon’s 
applicability in drug delivery. Of particular importance is the 
need to identify the cellular mechanism in which sonoporation 
may induce PCD, so that adjuvant strategies can be developed 
to counteract against it.  
In studying how sonoporation may lead to PCD from a 
mechanistic standpoint, we hypothesize that plant cells may be 
a potent model system in view of their totipotency 
characteristic (ability to grow into an adult plant from stem 
cells) and their relative ease in synthesizing single genetic 
changes. This modeling approach leverages upon the fact that, 
despite being structurally different, plant and mammalian cells 
share a common unicellular ancestor and various conserved 
gene functions [5]. Note that similar efforts have already been 
found in mechanistic investigations on electrical short-pulse 
treatments [6].  
Using BY-2 tobacco cells as the experimental model, we 
present in this paper a series of initial findings on the cellular 
mechanism behind sonoporation-induced PCD. Emphasis is 
placed on elucidating the changes to the physiology of plasma 
membrane and mitochondrial membrane as a result of 
sonoporation exposure. Through this analysis, we hope to 
complement existing findings in the literature on the 
electrophysiological impact of sonoporation during exposure, 
including intracellular calcium oscillations [7] and temporary 
hyperpolarization due to potassium ion outflux [8], [9]. 
II. EXPERIMENTAL METHODS 
A. Preparation and Culture of Tobacco Cells 
The tobacco cells (Nicotiana tabacum, cultivar BY-2) used 
in this work were cultured in suspension under a 27°C dark 
environment with 120 rpm agitation. The Murashige-Skoog 
medium was used as the culturing medium, and it was 
supplemented with 3% sucrose, 200 mg/L mono-potassium 
phosphate, 1 mg/L thiamine, 100 mg/L myo-inositol, and 0.2 
mg/L 2,4-dichlorophenoxy acetic acid (with a pH of 5.8). The 
cells were growing in exponential phase before they were 
harvested for experiments. Note that subculturing of cells was 
performed every 3 days in the experimental protocol. 
B. Sonoporation Procedure 
Acoustic cavitation was applied to the harvested tobacco 
cells by placing them in a well plate (Cat. 176740; Nunc) that 
was put on top of an exposure apparatus as shown in Fig. 1. 
The major components of this acoustic exposure procedure are 
described as follows. Note that we have previously confirmed 
that sonoporation and PCD can be found in BY-2 cells under 
these acoustic conditions (data shown in poster: findings 
obtained using scanning electron microscopy and TUNEL 
fluoroscopy). 
1) Provision of Cavitation Gas Nuclei: As artificial nuclei 
for acoustic cavitation, microbubbles with 1% volume 
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concentrations were first added to the well plate that contains 
0.9 mL harvested cells with ~106 cells/mL density. The 
microbubbles were fabricated using a procedure that involves 
sonication of perfluorobutane gas as described by Chin et al. 
[10]. Their shell material is a lipid layer composed of 
phosphatidylcholine and polyethylene glycol stearate, and 
their size ranges from 1-5 m. The original density was 
approximately 106 bubbles/mL, and thus there were about 104 
bubbles in each run of the experiment (implying a 100:1 cell-
to-bubble ratio).  
2) Ultrasound Insonation: To trigger acoustic cavitation, 
pulsed ultrasound waves with peak negative pressures of 0.4 
MPa or 0.9 MPa were sent to the well plate from the bottom of 
the exposure apparatus as seen in Fig. 1. The transducer used 
for ultrasound transmission was an unfoused single-element 
device with 1-inch diameter and 1 MHz center frequency 
(P1T10W-25; Kunshan Risun Electronic Co.). It was 
operating in tone-burst mode with 1 kHz pulse reptition 
frequency and 10% duty cycle, and it was driven by an 
arbitrary waveform generator (33120A; Agilent) with high-
voltage broadband amplification (2100L; E&I). Its excitation 
voltage level was calibrated to generate the required peak 
ultrasound pressures at the well-plate region (7 cm away from 
transducer) as measured using a capsule hydrophone (HGL-
0400; Onda). Note that the voltage-pressure calibration was 
performed in a free-field configuration. This is accepted to be 
a consistent way of charaterizing acoustic exposure conditions 
given the difficulty in making hydrophone measurements 
when the well plate is present [11].  
C. Plasma Membrane Potential Monitoring 
 To gain insights on how acoustic cavitation may affect the 
electrophysiology of cells, we have tracked changes in the 
plasma membrane potential using the DiBAC4(3) voltage-
dependent fluorescence marker (bis-(1,3-dibarbituric acid)-
trimethine oxanol; ENZ-52205, Enzo Life Sciences). This 
analysis was carried out by first adding 0.25 μM DiBAC4(3) 
(buffered in a 2 mM dimethyl sulphoxide stock) to sonoporated 
cell samples extracted at different post-exposure time intervals 
(0, 2, 4 and 6 h). After a further incubation of 30 min at room 
temperature in the dark (with gentle agitation), the DiBAC4(3)-
labeled cells were washed once with phosphate buffered saline 
(PBS). Subsequently, they were observed under a differential 
interference contrast (DIC) microscope (DS-Ri1; Nikon 
Instruments) using excitation and detection wavelengths of 493 
nm and 516 nm respectively. 10μl of labeled cell suspension 
was then extracted (diluted in 1ml PBS) and their DiBAC4(3) 
fluorescence uptake level was quantified using a fluorescence 
spectrofluorometer (Varioskan Flash 4.00.51; Thermo Fisher).  
D. Mitochondrial Membrane Potential Monitoring 
To investigate the electrophysiological effects induced by 
acoustic cavitation at a sub-cellular level, we have monitored 
changes in the membrane potential of the mitochondrion that is 
known to play a central role in a cell’s metabolic regulation. 
The monitoring was performed using the TMRE fluorescence 
dye (tetramethylrhodamine ethyl ester; ENZ-52309, Enzo Life 
Sciences) that tracks the mitochondrial membrane potential. In 
each run of the analysis, sonoporated cell samples were first 
extracted from the incubator at different post-exposure time 
intervals (0, 2, 4 and 6 h), and they were centrifuged at 1500 
rpm for 5 min. after washing once with PBS. Subsequently, 
they were stained with 80 nM TMRE (dissolved in a 0.2 mM 
dimethyl sulphoxide stock) for 30 min. at room temperature in 
the dark (with gentle agitation), after which they were washed 
three times with PBS. The TMRE-labeled cells were then 
observed under a confocal microscope (Fluoview FV1000; 
Olympus) using 549 nm and 575 nm respectively as the 
excitation and detection wavelengths. Their fluorescence 
changes over time was quantified by extracting 10 L of the 
labeled cell suspension (diluted in 1 mL PBS) and placing the 
extract in a fluorescence spectrofluorometer. 
III. RESULTS 
A. Plasma Membrane Depolarization in Sonoporated Cells 
Fig. 2 shows a series of bright-field microscopy and 
DiBAC4(3) fluorescence images that illustrate changes in the 
plasma membrane potential of tobacco cells immediately after 
they received sonoporation exposure. In these images, green 
fluorescence intensity is directly correlated with the plasma 
membrane potential, and in turn membrane depolarization is 
characterized by strong DiBAC4(3) fluorescence. It can 
generally be seen that the sonoporation exposure has resulted in 
membrane depolarization. Indeed, the number of cells 
exhibiting membrane depolarization increases with the peak 
negative pressure level. Note that these observations are 
opposite of the hyperpolarization phenomenon that was 
reportedly observed during sonoporation [8], [9]. This suggests 
that the membrane electrophysiological changes induced by 
sonoporation may involve a complex interplay of ion transport. 
 To analyze the long-term impact of sonoporation on plant 
membrane potential, the DiBAC4(3) intensity level was 
measured from sonoporated cell samples at four different post-
sonoporation time points (0 h, 2 h, 4 h, 6 h). Fig. 3 shows the 
corresponding results for different peak negative pressure 
levels. According to this figure, membrane depolarization 
remains significant (for the 0.9 MPa case, it was over 300% of 
control level) over a multi-hour timeframe during which the 
cell wall and membrane supposedly would have been resealed. 
Such an observation indicates that sonoporation-induced 
disruption of transmembrane ion exchange is an enduring 
effect. As chronic depolarization of the plasma membrane is 
known to be cytotoxic, this finding may help explain why anti-
proliferation effects like PCD are found in sonoporated cells. 
 
Fig. 1.  Illustration of the ultrasound exposure apparatus. The transducer (with 
1 MHz center frequency) was placed at 70 mm away from the cell sample at 
the top of the water bath.  
617 2011 IEEE International Ultrasonics Symposium Proceedings
B. Gradual Mitochondrial Membrane Depolaration After 
Sonoporation 
 As an insight into the sub-cellular electrophysiological 
changes induced by sonoporation, Fig. 4 shows a series of 
TMRE fluorescence images that map the mitochondrial 
membrane potential of sonoporated tobacco cells at 6 h after 
the end of exposure. Incidence of membrane depolarization 
over this sub-cellular organelle is marked as a loss of red 
fluorescence in the images. As can be seen, weak TMRE 
fluorescence is evident on a time-lapse basis in many 
sonoporated cells at higher peak negative pressures (0.9 MPa in 
our case). In particular, as illustrated by the close-up analysis 
of the images in Fig. 4 (D, H, L), the red granular fluorescence 
as typical of normal mitochondria (see Fig. 4D) becomes 
difficult to trace in sonoporated cells (see Fig. 4H). This is 
supported by the quantitative measurements shown in Fig. 5, 
which shows that the TMRE intensity level gradually 
decreases over time (dropped to less than 70% of control after 
6 h). These observations indicate that mitochondrial membrane 
is depolarized over time: an event that is strongly linked to 
increased mitochondrial permeability and its gradual 
dysfunctioning. In turn, it would trigger consequential release 
of cytotoxic molecules into the cytoplasm (e.g. cytochrome c) 
to activate the PCD protocol. 
IV. DISCUSSION AND CONCLUSION 
The overall finding of this study is that sonoporation may 
lead to chronic depolarization of the plasma membrane and 
gradual depolarization of the mitochondrial membrane. Both of 
these events are known to be linked to the PCD protocol that 
cells commit to when they undergo self-destruction. These new 
insights are in agreement with our earlier findings done on HL-
60 leukemia cells that showed involvement of mitochondria in 
sonoporation-induced apoptosis. 
In the future, it would be of interest to make use of this 
plant-based testbed to further identify the mechanistic details 
behind sonoporation-induced bioeffects. This will likely 
involve single genetic changes to obtain knockout models, and 
these are relatively straightforward to realize in plant cells 
through high-throughput screening techniques like positional 
cloning.  
 
Fig. 2. DiBAC4(3) fluorescence images illustrating plasma membrane depolarization of sonoporated tobacco cells (bright-field images also shown to provide 
landmark references). Stronger geen fluorescence indicates greater depolarization. Results are shown for cells immediately after receiving exposure with these 
parameters: (A-C) sham control; (D-F) 0.9 MPa peak negative pressure; (G-I) 0.4 MPa peak negative pressure. 1% v/v microbubbles was present in the medium 
during exposure. 
 
Fig. 3. DiBAC4(3) intensity measurements in sonoporated cells as a function
of post-exposure time. Measurements are normalized to the the intensity level
for cells with sham exposure (N=6).  
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Fig. 4. TMRE fluorescence images on the mitochondrial trans-membrane potential of tobacco cells. Weak red fluorescence indicates loss of membrane 
polarization. Results are shown for: (A-D) cells with sham exposure, and sonoporated cells at 6 h after sonoporation exposure using 1% microbubbles and these 
peak negative pressures: (E-H) 0.9 MPa, (I-L) 0.4 MPa.  
 
Fig. 5. TMRE intensity levels in sonoporated cells as a function of post-
exposure time (control level normalized as 100%). Gradual decrease of TMRE 
fluorescence in sonoporated cells can be found (N=6). 
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